Introduction
The expanded criteria donor (ECD) policy in renal transplantation was implemented in October 2002 [1] . The ECD kidney has a relative risk of graft failure > 1.7 times that of a reference group of ideal donor kidneys (i.e., the standard criteria kidneys [SCD] ). Using this definition, based on the increased risk of graft loss, all donors over 60 years of age and donors aged 50 to 59 years with at least two of the following three medical criteria were identified as ECD: 1) cerebrovascular accident as the cause of death; 2) history of hypertension; 3) terminal creatinine levels > 1.5 mg/dL [1] . Although the expected benefits associated with deceased donor kidneys vary widely based on characteristics of the organ transplanted, even higher risk kidneys are associated with a significant survival advantage compared to maintenance dialysis for transplant candidates [2] .
There continues to be a significant imbalance between the supply of kidneys for transplantation versus the demand. In a recent Scientific Registry of Transplant Recipients (SRTR) report, the national waiting list for kidney-alone recipients was 95,456 by the end of 2016 [3] . A total of 18,836 kidney transplants were performed in 2016, 13 ,501 of which used kidneys from deceased donors (DDs). More than 4,800 patients died on the waiting list in 2016, and another 4,411 were removed from the list due to their deteriorating medical condition. Hence, efforts must be directed at optimizing and maximizing the utilization of DD kidneys, including the kidneys procured from ECD.
Kidneys from ECD have higher rates of primary non-function, delayed graft function (DGF), and acute rejection [1, 4] . Because of excess ECD recipient mortality in the perioperative period, survival is not equivalent to that of waitlisted patients until 3.5 years post-transplantation. Beyond 3.5 years, survival favors the ECD recipient [5] . Strategies aimed at maximizing the success of transplantation with ECD kidneys are very important. The selective and increased use of kidneys transplanted from ECD is likely to occur if the kidney functions well before recovery, if the morphologic features of the kidney are adequate according to biopsy results, and if the flow to the kidney by pulsatile perfusion is acceptable [6] .
Pulsatile perfusion of kidneys helps in three important ways: (1) the selection of kidneys for transplantation as data regarding flow and resistance are important determinants of successful outcomes; (2) hydrostatic effects of machine perfusion (MP) may reduce intrarenal vasoconstriction; (3) additives to MP solutions may ameliorate ischemia-reperfusion injury [7] . There was a lower rate of discard of pumped kidneys in a study done on the SRTR database from October 1999 to June 2005 [7] . A study performed on ECD kidneys reported to the United Network for Organ Sharing (UNOS) database from January 2000 to December 2003 showed a reduced incidence of DGF in kidneys transplanted after MP than after cold storage (CS) [8] . ECD kidneys transplanted after MPs were found to have a lower incidence of DGF than ECD kidneys transplanted after CS [9] in a single center report. By using MP prior to transplantation using ECD kidneys, outcomes similar to SCD kidneys were obtained in the short-term and intermediate-term [10] . MP has also been used in the assessment of ECD kidneys for dual kidney transplantation (DKT) [11] .
In an international, randomized controlled trial (RCT), kidneys were randomly assigned from 336 consecutive DDs to MP or CS and were then transplanted. MP significantly reduced the rate of DGF, improved the rate of decline in serum creatinine levels, and improved one-year allograft survival rates [12] . MP preservation reduced the risks of DGF and improved one-year graft survival and function in ECD kidney transplantation as well [13] .
To ameliorate the effects of ischemia-reperfusion injury in ECD kidney transplantation, our program started pulsatile perfusion of such DD kidneys in May 2006. In this study, we present the outcomes of transplantation of ECD kidneys preserved using MP compared to the outcomes of transplantation of such kidneys preserved using CS.
Materials And Methods
We conducted a retrospective review of electronic records of all donation-after-brain-death ECD kidney transplantations performed at our center from January 1, 2003, to December 31, 2012. Recipients of other organs besides a kidney transplant, transplants from donation after cardiac death, SCD, living donor transplants, and transplants done for pediatric recipients were excluded. One hundred seventy-nine ECD kidney transplants were recorded and classified according to method of preservation (i.e., CS [N = 101] versus MP [N = 78]). All the kidneys transplanted after MP had variable periods of CS preservation, before or after pumping. These transplants were a combined CS and MP group. All transplant recipients had a minimum of six months of follow-up evaluations.
ECD were classified according to the UNOS definition [1] . The Kidney Donor Profile Index (KDPI) of the transplanted kidneys was calculated retrospectively using the KDPI calculator [14] . DGF was defined as a need for dialysis in the first week after transplantation [8] .
The Cockroft-Gault formula was used to estimate donor creatinine clearance (CrCl) to estimate the projected function of the kidney and determine the usage of the kidney as a single or DKT. If the estimated donor CrCl was less than 50 mL/minute or the donor terminal creatinine was greater than 1.9 mg/dl, the kidneys were not transplanted. If the CrCl was between 50 and 70 mL/minute, a DKT was performed placing one kidney on either side or both kidneys on the same side [9] .
A pre-reperfusion donor kidney biopsy was used to assist in the evaluation of pre-existing pathology. A donor kidney biopsy showing > 20% glomerulosclerosis or moderate tubular, vascular or interstitial changes, or glomerular thrombi > 10% were considered contraindication to transplantation of the kidney [15] [16] . ECD kidneys (either locally procured or imported) were placed on MP, at the transplant surgeon's request.
MP was performed with a standard dual kidney perfusion system (RM 3 Renal Preservation System, Waters Medical System, Rochester, MN, US) or LifePort kidney transporter (Organ Recovery Systems, Des Plaines, IL, US), which can perfuse one kidney at a time. Kidneys were perfused with Belzer MP Solution (Transmed Corporation, Elk River, MN, US) at 4°C using 40/20 mmHg pressure on the Waters RM3 and 30/15 mmHg on LifePort Kidney Transporter. Additives that were regularly added to the system included mannitol (3 g/L), insulin (40 units per liter), dexamethasone (16 mg/L), ampicillin (1 g/L) and nitroglycerin (4 mg). Additional treatment intervention based on measurements of flow, pressure, and resistance in the circuit included the administration of an extra aliquot or two of nitroglycerin at the surgeon's request. A flow rate greater than 80 mL/m as well as resistance less than 0.3 (mmHg/mL/min/100g) after a minimum of six hours on MP were considered thresholds for use. Transplantation was performed only after the flow reached 90 mL/minute [9] .
No specific upper recipient age limit was considered an absolute contraindication for kidney transplantation; 29 (16.2%) recipients were over age 70 in this series; the oldest was 83 years old.
At the pre-transplant evaluation, all patients underwent medical, psychosocial, and financial evaluation. We did not have a separate ECD kidney transplantation list, because such listing neither mandated nor restricted the recipient to receive an ECD kidney. The decision to accept any kidney whether from an ECD or SCD was made at the time of offer with informed consent. ECD kidneys were transplanted by matching estimated renal functional mass to recipient nephron need and sometimes included the use of DKT (N = 37, 20.7%). In general, recipients with diabetes and/or hypertension were considered for ECD transplantation [5] .
Two therapeutic principles were used for immunosuppression: (1) pre-transplant recipient conditioning with the anti-lymphocytic antibody alemtuzumab, and (2) minimal posttransplant immunosuppression with tacrolimus monotherapy [17] . The infusion of alemtuzumab (Campath 1 H) was started after premedication with 1,000 mg of intravenous methylprednisolone to prevent cytokine release syndrome. The patients were started on twice daily tacrolimus (Prograf) on postoperative day one, with a target 12-hour trough level of 10 ng/mL. Renal function was monitored using serum creatinine determination. Oral steroids or secondary agents such as mycophenolate mofetil were added as necessary [17] . Recipients who were hepatitis C antibody positive received preconditioning with daclizumab (Zenapax) or basiliximab (Simulect). Maintenance immunosuppression was with tacrolimus (Prograf) and mycophenolate mofetil (CellCept) in these patients with target tacrolimus trough levels of 12 ng/mL [17] .
Surgical site prophylaxis was done using a first-generation cephalosporin prior to incision and two doses postoperatively (unless the patient was allergic to cephalosporins). Antifungal prophylaxis was done using nystatin for three months, and anti-pneumocystis prophylaxis with sulfamethoxazole-trimethoprim (lifelong). Antiviral prophylaxis consisted of valganciclovir for six months, which was extended to one year for transplants from Epstein-Barr virus (EBV)-positive donors to EBV-negative recipients.
All recipients received aspirin (81 mg, once per day). Treatments for hypertension, hyperlipidemia, anemia, and diabetes were initiated or continued as per the usual standard of care. Renal allograft rejection was suspected by an unexplained rise in serum creatinine greater than 0.3 mg/dL or a 25% increase from baseline levels. The diagnosis was confirmed by ultrasonography-guided percutaneous allograft biopsy. Banff Grade 1 rejections were treated with three boluses of intravenous methylprednisolone 500 mg. Grade 1 rejections that persisted or were steroid-resistant were treated with alemtuzumab or Thymoglobulin (RATG). Grade 2 and Grade 3 rejections episodes were also treated with Thymoglobulin (RATG) for five to seven doses.
Cytomegalovirus (CMV) infection was detected by a positive polymerase chain reaction (PCR) assay. The treatment of a CMV infection consisted of a reduction in immunosuppression and administration of oral valganciclovir. CMV PCR was monitored weekly during treatment which was continued for four weeks after the PCR became undetectable.
Detection of the polyomavirus (PV) PCR in urine higher than 10 E +7 or positive plasma PV PCR was used as a trigger for reducing immunosuppression and initiating therapy with weekly intravenous infusions of cidofovir (0.25 mg/kg/dose). Weekly PV PCR testing was continued during treatment. A fall in the PV PCR (urine) to the range 10 E + 6 was used as an indicator to stop cidofovir treatment. Leflunomide (Arava) was added if the PV PCR was unresponsive to cidofovir treatment.
Data were obtained from the in-house transplantation database EDIT (Electronic Data Interface for Transplantation) and from MARS (Medical Archive and Retrieval System). Institutional Review Board (IRB) approval was obtained from the University of Pittsburgh to conduct this study (IRB number PROD 8020405). Informed consent was waived.
Statistical methods
Statistical analysis was done using SAS version 9.5 (SAS Institute, Cary, NC). Descriptive statistics were used to describe our sample (e.g., mean, standard deviation, frequencies, and percentages).
Logistic regression was used to model the binary outcome of DGF (i.e., "yes/no"), as a function of treatment arm (MP vs. CS), cold ischemia time (CIT), patient age, donor age, first or retransplant, time on dialysis, human leukocyte antigen (HLA) mismatch, enzyme-linked immunosorbent assay (ELISA) anti-HLA class I and ELISA anti-HLA class II. Backward elimination was used to select the final model. Variables considered nonsignificant were removed during backwards selection. The treatment arm was forced into the final model regardless of significance because it was the primary predictor of interest.
The Kaplan-Meier product-limit method was used to estimate survival curves for graft survival and patient survival. The curves were stratified by treatment arm (MP vs. CS) and DGF (yes vs. no). The log-rank test was used to compare survival between groups. Upon finding a significant association, pairwise comparisons with a Tukey-Kramer adjustment were conducted to determine which groups differed from each other.
Cox (proportional hazards) regression was used to model time until graft failure as a function of treatment arm (MP vs. CS), DGF, CIT, patient age, donor age, first or retransplant, time on dialysis, HLA mismatch, ELISA anti-HLA class I and ELISA anti-HLA class II. Backward elimination was used to select the final model. Variables considered nonsignificant were removed during backwards selection. Treatment arm was forced into the final model regardless of significance because it was the primary predictor of interest.
A linear mixed model for repeated measures was used to examine changes in creatinine over time, as well as between treatment arms (MP vs. CS). The outcome of creatinine was logtransformed to meet the standard assumptions necessary for a linear mixed model. Means and their respective 95% confidence intervals were calculated on the log-scale and anti-logged to present the results in their original units.
There was a total of 179 subjects, 78 MP (43.6%) and 101 CS (56.4%). Donor and recipient data are presented in Table 1 and Table 2 The outcomes are shown in Table 4 , Table 5 , Table 6 , Table 7 and Table 8 . There was a significant association between DGF, treatment arm, and graft (non-deathcensored) survival (P < 0.0001). Specifically, MP subjects without DGF had longer graft survival compared to CS subjects with DGF (P < 0.0032) and MP subjects with DGF (P < 0.0005) ( Figure  1) . On adjusted analysis, MP subjects had longer graft survival than CS subjects when DGF was not present.
FIGURE 1: Relationship between treatment arm, delayed graft function, and graft (non-death-censored) survival
There was a significant association between DGF, treatment arm, and graft (death-censored) survival (P < 0.0001). Specifically, MP subjects without DGF had longer death-censored graft survival compared to CS subjects with DGF (P < 0.0077) and MP subjects with DGF (P < 0.0016) (Figure 2 ).
FIGURE 2: Relationship between treatment arm, delayed graft function, and graft (death-censored) survival
There was a significant association between DGF, treatment arm, and patient survival (P < 0.0360). Specifically, MP subjects without DGF had longer patient survival compared to CS subjects with DGF (P < 0.0289). There were no other significant differences between groups (Figure 3 ). 
Graft (non-death-censored) survival
There was a significant interaction between treatment arm and DGF (P < 0.0299). Specifically, MP subjects had reduced risk of graft failure as compared to CS subjects when there was no DGF (hazard ratio [HR], 0.34; 95% CI, 0.17, 0.68). However, there was no significant difference between MP and CS subjects with respect to graft failure when DGF was present (HR, 1.10; 95% CI, 0.46, 2.63). CIT (P < 0.0444) and patient age (P < 0.0176) were also both significantly associated with graft failure. With each one-hour increase in CIT, the risk of graft failure increased by 3% (HR, 1.03; 95% CI, 1.00, 1.06). With each 10-year increase in patient age, the risk of graft failure increased by 42% (HR, 1.42; 95% CI, 1.06, 1.89).
Death-censored graft survival
There was a significant interaction between treatment arm and DGF (P < 0.0497). Specifically, MP subjects had reduced risk of death-censored graft failure as compared to CS subjects when there was no DGF (HR, 0.44; 95% CI, 0.19, 1.00). However, there was no significant difference between MP and CS subjects with respect to death-censored graft failure when DGF was present (HR, 1.49; 95% CI, 0.60, 3.73).
Creatinine
There was a significant three-way interaction between treatment arm, urologic complications (such as urinary leak, ureteric stricture, vesico-ureteral reflux), and acute rejections (P < 0.0014). There was an initial decrease in creatinine followed by an increase in creatinine later in time. The main effects of donor history of diabetes (P < 0.0372), donor history of hypertension (P < 0.0076), recipient diabetes (P < 0.0198), recipient hypertension (P < 0.0057), and vascular complications (P < 0.0412) were significantly associated with creatinine.
Recipients of kidneys from donors with a history of diabetes, donors without a history of hypertension, recipients with diabetes, recipients without hypertension, and recipients with vascular complications all had significantly higher levels of creatinine.
Discussion
This study compares outcomes of ECD kidney transplantation in a subset of MP kidneys versus CS kidneys. All the kidneys in the MP and CS groups were transplanted under the same immunosuppressive protocol by the same group of surgeons and were cared for by the same set of transplant physicians. Recipient evaluation was done using uniform criteria, and so were the methods used to evaluate the kidneys prior to transplant. Finally, we have presented outcomes after a long duration of follow-up (i.e., six years).
Because the rates of DGF, graft (non-death-censored) and patient survival, and serum creatinine are similar at six years in the MP and CS groups (Tables 4-5 ), in spite of longer CIT, higher donor creatinine levels and similar KDPI in the MP group, our results support sharing DD kidneys among organ procurement organizations some distance apart, if a portable kidney perfusion machine can be used during transport.
The CITs are long in both the CS and MP groups. This is because of the large proportion of imported kidneys that were transplanted; 69 of 73 (five unknown) in the MP group, and 90 of 99 (two unknown) in the CS group. Once the kidneys arrived at our center, they were subjected to biopsy in both groups, cytotoxic crossmatch was done, and machine perfusion in the MP group, further adding to CITs. Most of the kidneys in the MP group had received a combination of MP and CS (77 of 78), with only one kidney having undergone MP only. Seventy-four of 78 kidneys in the MP group were machine perfused just at our facility immediately prior to transplantation ( Table 3) . This is referred to as end-ischemic hypothermic machine perfusion (eHMP) [18] . In a paired kidney analysis of eHMP versus CS, eHMP was an important factor for the prevention of DGF. Hence, eHMP is a promising reconditioning technique to improve the quality and acceptance rate of suboptimal grafts.
In a meta-analysis of randomized trials of MP versus CS of donation after brain death donors [19] , there was no significant difference in the rates of DGF between the two groups (although the randomized trial in Europe did show a decrease in DGF in the machine perfused kidneys). In a meta-analysis of non-randomized trials, two studies found a significant reduction in DGF following MP versus CS, while the remaining nine did not [19] . In a retrospective review of UNOS data, in the overall cohort, rates of DGF were similar between MP and CS kidneys. However, MP was associated with significantly lower rates of DGF than CS in a propensitymatched cohort (21.1% vs. 29.1%; p < 0.001) as well as on paired kidney analysis (19.7% vs. 27.5%; p<0.001) [20] .
Primary non-function (PNF) has been defined as a graft that failed to give one-month dialysisfree survival excluding losses attributable to rejection or vascular thrombosis [21] . We found a similar incidence of PNF in the MP group (2 of 78, 2.5%) compared to the CS group (3 of 101, 3%). There was no significant difference in the incidence of PNF between MP and CS kidneys in a systematic review of three RCTs [21] or in a meta-analysis of seven RCTs [20] . However, the results of the ECD transplants in thec [13] showed PNF was higher in the CS group than in the MP group [p = 0.04].
Several randomized and non-randomized trials have analyzed graft and patient survival statistics of DD kidney transplantation following MP versus CS. Similar graft survival at three years in MP and CS groups has been reported in a UNOS database study [8] . In the Eurotransplant randomized control trial performed on ECD kidneys, similar graft and patient survival were reported at one year [13] , but, at three years, better graft survival was reported in the MP group [22] .
In an unadjusted analysis, we found no significant differences in graft survival or deathcensored graft survival between the MP and CS groups at six years ( Table 5) . However, the effect of treatment arm on survival changed when DGF was considered. This suggests an interaction between treatment and DGF. Specifically, the MP group without DGF had better graft survival than CS without DGF. This appears to be in concordance with our finding that MP kidney transplants without DGF had reduced risk of graft failure as compared to CS kidney transplants without DGF.
In an unadjusted analysis, we did not find a significant difference in patient survival between MP and CS groups at six years ( Table 5) . Specifically, the MP group without DGF had better patient survival than the CS group with DGF ( Figure 3 ).
The main purpose of DKT has been to expand the donor pool and to prevent the waste of DD kidneys [11] . MP has helped in transplanting ECD kidneys as DKT by assessing the quality of the kidneys and by helping to "resuscitate" these kidneys from the effects of long CS. We used the Cockcroft-Gault formula to estimate the glomerular filtration rate and the Remuzzi histopathology score prior to doing DKT [23] . This may have led to more DKT and less wastage of a scarce resource in the MP group (21 of 78; 26.9%) than the CS group (16 of 101; 16%; p = 0.07).
One study used SRTR data to identify the role of pulsatile perfusion across different CITs. The adjusted odds of DGF were lower with MP compared with CS for ECD kidneys when CIT was longer than six hours [24] . MP modifies the impact of CITs on DGF but does not eliminate its association with DGF [24] . The optimal strategy to reduce DGF is to minimize CIT and utilize MP in all DD transplants.
A retrospective analysis, a single-center, observational study from the University of Miami found only 19.2% of kidneys were imported, and 10.9% were ECD kidneys [25] . The mean CS time in this study was 6.6 ± 4.5 hours, and mean pump time was 26.7 ± 8.4 hours. The overall DGF rate was 4.4% [25] .
In our cohort of MP patients, the mean static CS time was 14 ± 4.1 hours, and mean MP time was 11.2 ± 6.3 hours with a DGF rate of 20.8%. Our cohort of MP kidney transplants had 94.5% (five unknown) import kidneys (thereby longer CIT) and 100% ECD kidneys (which also experience a higher incidence of DGF). In other reports, DGF rates for 114 and 96 ECD MP recipients was 11% [9] and 22% [13] , respectively. An important factor that affects the incidence of DGF in these ECD kidneys undergoing eHMP is the length of static CS time in the overall CIT. A longer proportion of static CS time leads to a higher rate of DGF. In a study of paired kidney allografts procured locally, the DGF rate in MP kidneys with short periods of static CS was 5% [26] . It appears that keeping static CS times shorter than five or six hours, even for eHMP preserved kidney transplants, will lead to a reduced rate of DGF. Static CS times can be minimized in the process of sharing ECD kidneys between UNOS donor service areas (DSA) by transporting DD kidneys on MP using a portable machine.
The majority of the ECD kidneys (except the zero antigen mismatches) that were imported from other DSAs were brought in with "full waivers." These kidneys were discarded by other centers and utilized at our transplant center after having been screened using a biopsy and demonstrating acceptable "pump parameters."
We used a uniform immunosuppression regimen consisting of alemtuzumab (Campath 1H) induction and tacrolimus monotherapy for all patients in the MP and CS groups. From the very beginning of the use of Campath 1H at our program, we noted a very low incidence of acute rejections, most likely due to its long lymphoid depleting effect [17] . Studies done using alemtuzumab induction and tacrolimus monotherapy have shown lower biopsy-proven acute rejections relative to alemtuzumab and dual/triple immunosuppression (20% of 65 versus 32% of 66, respectively; p = 0.09) [27] .
Our study has a few drawbacks, one of which was the lack of randomization. This was a retrospective study of prospectively collected data. However, we did not conduct matched-pair analysis or propensity scoring [20] . We did not use the same type of pump for perfusion throughout the study. We also did not evaluate biomarkers in the perfusate to predict the function of the transplanted kidney [28] . Finally, our study examined the outcomes of transplantation in an era prior to the implementation of kidney allocation using the KDPI.
However, our study was conducted in a "real world" situation of ECD kidney allocation and sharing under the aegis of UNOS. This study was done on ECD kidneys mostly discarded by many centers and eventually transplanted at a large transplant center. We report a longer follow-up period (i.e., six years) than similar studies.
This study highlights several important findings from transplanting ECD DD kidneys. ECD kidneys must be utilized for transplantation. Despite poorer outcomes, use of kidneys from donors with co-morbidities and/or advanced age targeted to a specific population may provide better survival than those waiting patients remaining on dialysis [23] .
Using such kidneys for transplantation requires the implementation of several strategies [23] . Many DD kidneys that can offer survival benefits are declined by transplant programs in the DSA locally and are discarded. Several smaller programs may hesitate to use such so-called "high-risk" kidneys due to the adverse effect the outcomes may have on the program-specific quality reports (PSR). It is apparent that the use of ECD kidneys and high KDPI (>85) kidneys will tend to be concentrated at larger centers that are experienced in the care of elderly recipients of such transplants and where a few adverse outcomes from doing such transplants may not affect the PSR. To ensure efficient and timely use of such DD kidneys, sharing across geographic boundaries must be expedited so that such organs can be efficiently allocated to programs that can use them successfully [29] .
Most of the MP kidneys in our study were imported (69 of 73, five unknown) and most of the MP kidneys had been subjected to static CS (77 of 78) prior to eHMP. The mean static CS time was 14 ±4.1 hours, and the rate of DGF was 20.8%. In another study where only 19.2% of kidneys were imported and the mean static CS time 6.6 ± 4.5 hours, the rate of DGF was only 4.4% [25] . Although only 10.9% of kidneys transplanted in that study were ECDs [25] , it still is possible that the duration of static CS adversely influences the rate of DGF.
An RCT within UNOS comparing ECD kidneys transported on an MP pump versus transport using static CS would help determine the best method of transportation of ECD kidneys.
Conclusions
We conducted a study of ECD DD kidney transplants done at a major transplant center, using kidneys mostly "imported" from outside our DSA. We found no difference in the rates of DGF, creatinine levels, as well as six-year graft and patient survival in the cold-stored kidneys versus the eHMP kidneys, in spite of higher risk characteristics of the eHMP cohort. In addition, the recipients of eHMP kidneys had longer graft survival than CS subjects when DGF was not present. The risks of graft failure and death-censored graft failure were significantly lower in the MP ECD kidneys without DGF versus cold stored DD kidneys without DGF. Efforts must be made to reduce the rates of DGF in the "imported" ECD kidneys. One method of doing so may be to machine perfuse the kidney during transportation. It is important to prove the advantages, if any, of such a strategy, by conducting additional RCTs.
